Does shear stress modulate both plaque progression and regression in the thoracic aorta? Human study using serial magnetic resonance imaging by Wentzel, Jolanda J. et al.
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PAtherosclerosis
oes Shear Stress Modulate Both Plaque
rogression and Regression in the Thoracic Aorta?
uman Study Using Serial Magnetic Resonance Imaging
olanda J. Wentzel, PHD,* Roberto Corti, MD,*‡ Zahi A. Fayad, PHD,† Paul Wisdom, BSC,†
rank Macaluso, BSC,† Mark O. Winkelman, MSC,§ Valentin Fuster, MD, PHD,§ Juan J. Badimon, PHD‡
ew York, New York; Nijkerk and Rotterdam, the Netherlands
OBJECTIVES The purpose of this study was to investigate the role of shear stress (SS) in plaque regression.
BACKGROUND A condition favorable to the development of atherosclerotic lesions is low oscillating SS. In
the descending thoracic aorta, the relationship between plaque distribution and SS has never
been characterized. The regression of plaque as the result of lipid-lowering therapy is
associated with reverse atherogenic mechanisms. Therefore, we investigated the role of SS in
plaque regression. Magnetic resonance imaging (MRI) provides a unique opportunity to
noninvasively study morphology and hemodynamics.
METHODS Cross-sectional images of atherosclerotic plaques in the descending thoracic aorta of 10
asymptomatic, hypercholesteremic patients were acquired at baseline and 24 months after
starting lipid-lowering therapy by using a black-blood sequence on a 1.5-T clinical MRI
system (5 mm  780 m  780 m). Average wall thickness (WT) was derived per
quadrant. The aorta was subdivided in segments 2 cm in length starting 1 cm from the aortic
arch.
RESULTS Average WT decreased with increasing distance from the arch (3.0  0.7 mm vs. 2.5  0.3
mm; p  0.05) and showed a helical pattern from the proximal to distal segments.
Phase-contrast MRI was performed in the thoracic aorta of eight healthy volunteers to derive
typical average SS distribution. Shear stress predicted the location of WT (r2  0.29, p 
0.05) but did not predict plaque regression. The best predictor of plaque regression was
baseline WT.
CONCLUSIONS Our data showing an association between WT and average low SS locations support the role
of local hemodynamics in the development of atherosclerotic lesions in descending thoracic
aorta. Furthermore, SS does not seem to be the major predictor for plaque regression by
lipid-lowering interventions. Therefore, our data suggest that other mechanisms are involved
in the lipid-reversal mechanism. (J Am Coll Cardiol 2005;45:846–54) © 2005 by the
ublished by Elsevier Inc. doi:10.1016/j.jacc.2004.12.026American College of Cardiology Foundation
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ltherosclerotic plaques are not distributed equally in the
ascular system (1,2). They are more prevalent, for instance,
n the inner curve of coronary arteries (2,3), closer to side
ranches (4), in the aortic arch, and in the bulb of the
arotid arteries (5). These are sites of flow separation (6) and
scillating shear stress (SS) (4), suggesting that SS plays a
ole in the distribution of plaques in the vascular system (3).
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004, accepted December 14, 2004.Velocity measurements of the blood flow in the thoracic
orta (7,8) have suggested a very distinct pattern in SS,
ncluding low and high SS regions, because of the extraor-
inary curvature of the aortic arch preceding the thoracic
orta. The study of atherosclerotic plaques in the descend-
ng thoracic aorta mainly is performed using transesopha-
eal echocardiography. Until now, no studies have described
he relationship between the location of atherosclerotic
laques and SS in the descending thoracic aorta.
Plaque regression after long-term hypolipidemic treat-
ent with statins (9) has been related to depletion of lipid
ontent from the plaques (10). Recent studies have sug-
ested that statins may act by interfering with several
echanisms involved in atherogenesis: they reverse endo-
helial dysfunction, reduce the hyperaggregability of plate-
ets, reduce inflammation, and improve reverse cholesterol
ransport, leading to lesion stabilization. Nonlipid-
ependent effects (called pleiotropic) been have also postu-
ated. The question is whether SS also modulates the plaque
egression that is attributed to lipid-lowering therapy.
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March 15, 2005:846–54 MRI-Detected Shear Stress and Plaque ProgressionMagnetic resonance imaging (MRI) is a unique tech-
ique that allows for the study of flow, blood velocity
rofiles, and vessel wall morphology. This technique has
een used to characterize the dependency of lesions to
emodynamics in the abdominal aorta (4,11). In this study,
e applied high-resolution serial MRI, aiming to study the
elationship between plaque development and plaque re-
ression that is attributed to lipid-lowering therapy in
symptomatic hypercholesteremic patients with the charac-
eristic SS patterns of healthy volunteers in the descending
horacic aorta.
ETHODS
tudy population and experimental design. Asymptom-
tic hypercholesterolemic patients showing atherosclerotic
laques in the thoracic aorta were selected randomly from a
ohort of patients who were included in a regression study
sing statins to lower lipid levels (9,12). Patients were
ncluded based on the pre-existence of atherosclerotic
laques (2 mm) in the thoracic aorta detected by B-mode
ltrasound transesophageal echocardiography or MRI. Data
f the thoracic descending aorta of 10 patients (5 men, 58
years; 5 women, 66  7 years, 15 atherosclerotic lesions)
ere acquired at baseline and at 24 months after starting
imvastatin therapy by using MRI. Magnetic resonance
maging was performed on a 1.5-T whole-body MRI
ystem (Signa CV/I; GEMS; 40 mT/m; SR150), and the
rotocol was performed as described previously (9).
In nine healthy volunteers (three women, six men, 31 
years) who were not aware of having any atherosclerotic
isease, phase-contrast MRI was applied with the following
ettings: 1.5-T Siemens, slice thickness 5 mm, field of view
1  28 cm, 192  256 pixels, a velocity encoding of 250
m/s through plane velocity (13), and breath hold. The
elocity measurements were taken at each 2 cm starting
rom the arch.
To ensure correct rotational registration of the MR
mages at baseline versus follow-up, the line joining sternal
o the vertebral body was used as a reference. The Mount
inai School of Medicine medical ethical committee ap-
roved the study, and every person gave informed consent to
articipate.
orphometric data. The MR images showing plaques, with
minimal extension of 2 cm, were transferred to a computer
nd carefully matched for the two different time points using
Abbreviations and Acronyms
ANOVA  analysis of variance
LDL  low-density lipoprotein
MRI  magnetic resonance imaging
NWT  normalized wall thickness
SS  shear stress
WT  wall thickness
WTbaseline  wall thickness at baselineeveral anatomical landmarks. To derive high-resolution local
i
5all thicknesses (WT) from the MR cross sections of the
escending thoracic aorta, the contours were obtained with a
ustom-made software program that facilitated the manual
racing of the lumen and wall contours. The contours were
ompared with the contours obtained previously (12) and were
ot used to reanalyze the original data set. The WT was
erived as distance from the lumen contour to the outer wall
ontour, along the line passing through the luminal center of
ass (14). Each cross section was divided into four quadrants.
he quadrants (i to iv) were determined by a frontal and
agittal planes crossing at the center of mass (Fig. 1A). The
verage WT of each quadrant at baseline and 24 months
ollow-up was calculated, and the circumferential location and
xial location (as distance from the reference cross section at
he aortic arch, Fig. 1B) were documented. Subsequently, the
ross sections were subdivided into four segments (Fig. 1B)
igure 1. (A) Location of the predefined quadrants i, ii, iii, and iv relative
o the right, left, anterior, and posterior side of the patient. (B) Axial
istribution of the four predefined segments (orange), each 2 cm in length,
ummarizing the wall thickness data beginning 1 cm from the reference
ross section, located at the exit of the aortic arch. Segment I is located 1
o 3 cm from reference cross section; segment II is located 3 to 5 cm from
eference cross section; segment III is located 5 to 7 cm from reference
ross section; and segment IV is located 7 to 9 cm from reference cross
ection. The location of phase-contrast velocity measurements, in yellow,
s positioned in the center of the defined segments. Magnetic resonance
maging slice thickness for the velocity and wall velocity measurements was
mm.
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MRI-Detected Shear Stress and Plaque Progression March 15, 2005:846–54ontaining four consecutive cross sections (slice thickness, 0.5
m) covering 2 cm in length each, starting 1 cm distal from
he arch. Per quadrant, the average WT in each segment was
alculated resulting in a maximum of 16 data points per patient
four quadrants  four segments). The same approach was
ollowed for the 24 months of follow-up data.
hear stress determination. Because the velocity measure-
ents were taken at each 2 cm starting from the arch, they
ere located in the center of the segments defined by the
verage WT (Fig. 1B). For each cross section at each time
oint, first, a moving average filter (3  3) was applied to
he obtained through plane velocity profile, thereby reduc-
ng noise (an example of this result is shown in Fig. 2A).
he two-dimensional derivative of the velocity field, derived
rom the shear rate in x and y direction (Fig. 2B), defined
he local shear rates in the lumen of the vessel (Fig. 2C).
he shear rate at the wall was determined by the maximum
f the absolute shear rate in the 16 closest regions to the
essel wall. The 16 areas were determined by the outer 10%
f the vessel radius and 22.5° in a circumferential direction
etermined from the center of mass (Figs. 2D and 2E).
veraging the cardiac cycle and the quadrants, as defined
reviously (Fig. 1A), the time averaged shear rate per
uadrant was delivered. Shear rate times viscosity (3 cPoise)
etermined the SS (3,15).
igure 2. Shear rate determination from velocity profile. (A) The velocit
moothing is applied. (B) Visualization of determination of velocity gradien
ate at the vessel wall, with the maximum shear rate in regions of approximately
he circumference; these are summarized into four quadrants per cross section.tatistics. The average WT per segment and quadrant was
btained from the averages per location per patient. The
ifferences in WT and SS per quadrant and segment were
ompared by applying two-way analysis of variance
ANOVA). Normalization of the WT per patient was
erformed relative to the average WT per segment per
atient so that existing asymmetric patterns in WT distri-
ution are emphasized independent of the absolute
hickness.
The average WT at baseline for all patients at 16
ocations (four segments  four quadrants) was related to
he time-averaged SS at the same 16 locations by regression
nalysis. Similar regression analysis was applied to the
ormalized baseline WT (NWT) and SS. The best predic-
or of plaque regression during a 24-month period of
reatment, which was WT at baseline (WTbaseline) or SS,
as investigated using stepwise regression analysis. A value
f p  0.05 was considered significant. SPSS 11.0 (SPSS
nstitute, Chicago, Illinois) was used for all the statistical
nalysis.
ESULTS
all thickness. At baseline, atherosclerotic thickening of
he descending thoracic aorta was observed in 93 cross
le measured at segment I at one moment during the cardiac cycle after
dr). (C) Shear rate at each pixel in the lumen. (D) Determination of sheary profi
t (dv/22.5° at the outer 10% of the radius. (E) Shear rate at 16 locations along
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March 15, 2005:846–54 MRI-Detected Shear Stress and Plaque Progressionections in 10 patients. Per patient, the distribution of
esions over the predefined segments is presented in Table 1.
he average WT was 2.8  0.5 mm (range 1.9 to 4.6 mm).
he average WT was maximal at segment I and decreased
inearly when traveling distally to segment IV (3.0  0.7
m; 2.8  0.5 mm; 2.7  0.4 mm; and 2.5  0.3 mm for
able 1. Total Number of Cross Sections per Patient per
egment Showing Atherosclerosis at Baseline and Included in
he Study for Average Wall Thickness Calculations
Patient
Segment
I II III IV
1 3 4 4
2 2 3
3 2 4 4 2
4 4 4 4 4
5 2 3
6 4 3 2
7 2 4 2
8 2 4 4
9 4 4
10 3 4 2
igure 3. Plaque distribution depending on axial and circumferential loc
verview of aorta. (E to H) Average wall thickness at baseline for quadrants
f aorta of individual patient at segments I to IV. (M to P) Quadrants with an ave
n orange.egments I to IV, respectively). The average WT at segment
(3.0 0.7 mm) was statistically different from segment IV
2.5  0.3 mm, p  0.05).
Subdividing the segments into quadrants revealed that
therosclerotic WT was asymmetric and was preferentially
ocated at the left side (quadrant i and quadrant iv) of the
atients (Figs. 3E to 3H). The average WTbaseline for the 16
redefined quadrants distributed over the four segments was
tatistically different (two-way ANOVA, p  0.05). The
verage plaque distribution resembled the distribution in the
ndividual patient shown in Figures 3I to 3L.
Normalization of the WT per segment underlines the
symmetry in plaque distribution regardless of the absolute
T values (Table 2). The helical pattern in NWT distri-
ution can be appreciated in Figures 3M to 3P; the
uadrants in which the average WT is greater or equal to
he average at each segment are highlighted in orange (also
ee Table 2).
ffect of statin treatment. At the systemic level, statin
herapy maintained during a period of 24 months resulted in
significant reduction of 23% and 35% in total cholesterol
(A to D) location of segments I to IV on magnetic resonance imaging
v for segments I to IV. (I to L) Magnetic resonance imaging cross sectionsation
i to irage relative wall thickness exceeding the average of the segment are shown
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MRI-Detected Shear Stress and Plaque Progression March 15, 2005:846–54nd low-density lipoprotein (LDL) fraction, respectively,
hereas high-density lipoprotein cholesterol levels in-
reased slightly. At the vascular level, statin therapy was
ssociated with a reduction in atherosclerotic plaques as
escribed previously (9,12). Because of the much smaller
umber of plaques studied in this article, the observed
laque regression did not reach statistically significance:
0.055 mm, p  0.2. Examining this in greater detail, we
ound that plaque regression was dependent on the distance
rom the aortic arch (Fig. 4) and observed predominantly at
he proximal segments (I, II, and III), with an average of
0.06 mm (n  12, p  0.05). In addition, plaque
egression after 24 months of statin treatment was directly
elated to the WTbaseline (WTfollow-upWTbaseline 0.6
.23  WTbaseline [mm], p  0.05, r
2  0.26; Fig. 4, n 
6, (four quadrants and four segments).
hear stress. Because of technical reasons, the data of one
ealthy volunteer could not be used for further analysis.
herefore, only eight data sets, containing 128 quadrants,
re included in this study. The average SS over the cardiac
ycle was 0.36 N/m2  0.17 N/m2, ranging from 0.05
/m2 to 0.79 N/m2 (n 128). The average SS per segment
s visualized in Figure 5, which shows no gradient in
ongitudinal direction over the segments (p  NS). How-
ver, subdivision of the segments into quadrants revealed an
symmetrical distribution of the low SS areas (two-way
NOVA, p  0.05). Greater analysis of the most proximal
egment (segment I) showed that, in all the eight volunteers,
he average SS was at a minimum for quadrant i (quadrant
vs. quadrants ii, iii, and iv: 0.17  0.12 N/m2, n  8, vs.
.42  0.15 N/m2, n  24, t test, p  0.05, Fig. 5) and at
maximum at quadrant iii (quadrant iii vs. quadrants i, ii,
nd iv: 0.49  0.15 N/m2, n  8, vs. 0.32  0.17 N/m2, n
24, t test, p  0.05).
elationship between WT and SS. Atherosclerotic wall
hickening in the patients followed a similar pattern as the
ow SS in the healthy volunteers, resulting in an inverse
elationship between WTbaseline and SS (WTbaseline  1.6
SS  3.3 [mm], r2  0.29, p  0.05, Fig. 6A).
herefore, the classical pathology observations of athero-
clerotic plaque location are confirmed in vivo by noninva-
ive MRI. Normalization of the WTbaseline measurements
NWT) showed that for each axial segment, the variations
n WTbaseline could be explained by the variations in SS
NWT  0.63  SS  1.23, r2  0.59, p  0.05, Fig.
able 2. Average Normalized Wall Thickness at Baseline per
egment and Quadrant
egment
Quadrant
i ii iii iv
I 1.23  0.15 0.94  0.16 0.87  0.11 0.96  0.15
II 1.09  0.13 0.94  0.11 0.95  0.11 1.02  0.12
III 0.99  0.09 0.93  0.10 1.01  0.08 1.07  0.15
IV 0.97  0.11 0.96  0.10 1.00  0.11 1.06  0.17B).
s
credictor of plaque regression. No relationship was ob-
erved between plaque regression attributed to 24 months of
tatin treatment and SS. Multivariate stepwise analysis that
ncluded SS and WTbaseline as predictors showed that
Tbaseline was the strongest predictor for plaque regression
fter 24 months of statin treatment (p  0.05)
ISCUSSION
e have investigated the relationship between SS and the
evelopment and regression of atherosclerotic plaques. Our
ata indicate that the presence of atherosclerotic plaques in
he descending thoracic aorta is associated with the local
verage low SS locations, which suggests there is a role for
ow SS condition in the development of atherosclerotic
esions. To investigate the potential effect of SS on plaque
egression, after baseline imaging of the established athero-
clerotic lesions, we instituted statin therapy in all patients
uring a period of two years. Overall, the lipid-lowering
ntervention resulted in a marked hypolipidemic effect, leading
o a significant reduction of plaque volume (9,12). Plaque
egression in the subgroup of patients selected for this study
as not related to local SS patterns but was fully explained by
ocal WT at baseline. Although it is known from several
tudies that the prevalence of atherosclerotic plaques in the
horacic aorta is very low (6.3%) (16), many studies support the
elationship between thoracic aorta atherosclerotic disease and
he risk of subsequent vascular events, including coronary artery
isease (17,18) and stroke (19).
all thickness. The maximal WTbaseline of the atheroscle-
otic plaques in this study was similar to the observations of
hunk et al. (20) but a bit smaller than described by Fayad
t al. (3.6 mm vs. 4.6 mm) (21) and Cohen et al. (22). The
ifference might be explained by the patient population that
as studied. In this study, only asymptomatic patients were
nvestigated and, thus, were expected to be in an early stage
f atherosclerosis, whereas the other studies included pa-
ients experiencing transient ischemic attacks or stroke.
igure 4. Relationship between change in wall thickness (wall thicknessfollow-up
wall thicknessbaseline) attributable to 24 months of treatment with simvastatin
nd wall thickness at baseline. Closed circles  1 to 3 cm, segment I; open
quares  3 to 5 cm, segment II; closed triangles  5 to 7 cm, segment III;
losed squares  7 to 9 cm, segment IV.
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March 15, 2005:846–54 MRI-Detected Shear Stress and Plaque ProgressionUntil now only limited data have been available describ-
ng plaque localization in the descending thoracic aorta. A
endency of predisposition to atherogenesis in the posterior
horacic aorta has been suggested previously (23). In addi-
ion, histology data from the left side of the thoracic aorta
btained from young adolescents, that is, The Pathobiologi-
al Determinants of Atherosclerosis in Youth (PDAY) data,
howed that in the proximal segment, not only the posterior
ut also the anterior side is affected with atherosclerotic
laques (24). Similarly, we found in the most proximal
egment atherosclerotic WT mainly in the left anterior side,
hereas for the more distal segments, this thickness oc-
urred at the left posterior side (Fig. 3). The reason for
educed data availability about plaque distribution in the
horacic aorta might be related to the difficulty in studying
his arterial location in vivo. Transesophageal echocardiog-
aphy is used as standard technique; however, it does not
llow visualization of the entire thoracic aorta (i.e., 360°), a
eficiency that is attributed to near-field signal losses.
nterestingly, the few cross-sectional images reported in
iterature demonstrate the atherosclerotic plaques at the
ame left side of the patient (17,21).
hear stress. Time-averaged SS was derived from velocity
easurements in the thoracic aorta of healthy young vol-
igure 5. Shear stress distribution depending on axial and circumferentia
eviation). Color coding refers to average shear stress over cardiac cycle pnteers to assess the characteristic natural SS distribution. slthough individual variations are reported in the literature,
midst the normal subjects, a helical velocity distribution
as observed regardless the age of the volunteers (25,26).
ndeed, the peak velocity might decrease with increasing
ge, but this will be of minor influence on the relative SS
istribution (25). Moreover, the presence of helical flow was
ot associated with the patient’s age (8). Because the
resence of the helix usually is studied, there is not much
nformation available on the SS distribution in the thoracic
orta of healthy or diseased subjects.
Because SS is determined by multiplying viscosity and
ocal shear rates, which is the radial derivative of the
elocity, its value is sensitive for noise. Several techniques
ave been adopted to reduce noise in the SS determination
rom phase-contrast MRI (27,28). In this study, SS was
etermined applying a smoothing filter in combination with
radial derivative. The accuracy of the methods used to
btain SS from the phase-contrast velocity profiles was
ested with a numerically derived parabolic profile generated
ith similar resolution (1 mm  1 mm) and average peak
elocity (150 cm/s) and vessel diameter (2 cm) as the MRI
ata. An underestimation of 9.6  1.5% in SS values was
ound for this particular example, which is comparable with
revious studies (27,28). It is not likely that the obtained
tion with average shear stress for segment in center of circle (standard
adrant.patial gradients in SS distribution measured as average over
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MRI-Detected Shear Stress and Plaque Progression March 15, 2005:846–54he cardiac cycle, which ranged from 0.05 to 0.79 N/m2,
esult from inaccuracies in the method of the SS determi-
ation. Besides, the average SS values during the cardiac
ycle were in the same range as determined by Suzuki et al.
26), who applied phase-contrast MRI in healthy young
olunteers. They showed average shear rates of 97  29 s1
nd 170  43 s1 at the inner and outer curve of the
escending aorta respectively, implying a SS range of
pproximately 0.3 to 0.5 Pa. Interestingly, SS measurements
n the abdominal aorta derived from phase-contrast MRI
4,11,27) appeared to deliver similar average SS values over
he course of the cardiac cycle (0.18 to 0.95 N/m2), as
easured in the thoracic aorta.
elationship between WT and SS. The SS determined in
ealthy young volunteers was used to study whether the SS
overns the location where, in the presence of atheroscle-
otic risk factors, plaques start to develop and will be
bserved in the older, asymptomatic patients. Because
evere plaques could protrude into the lumen, altering the
igure 6. (A) Relationship between baseline wall thickness and shear stress
wall thicknessbaseline  1.6  SS  3.3 [mm], r
2  0.29, p  0.05). (B)
elationship between normalized wall thickness and shear stress (normal-
zed wall thickness  0.63  SS  1.23, r2  0.59, p  0.05).ocal SS distribution, the SS distribution in healthy young iubjects represents the natural SS distribution, permitting
he study of history-related plaque generation and
rogression.
The observed rotational movement of the low SS regions
rom proximal to distal (Fig. 5) in the thoracic aorta is in
greement with previous observations of helical patterns in
lood velocity in the descending thoracic aorta (7,29).
therosclerotic WT was observed at the low SS regions
Fig. 6), explaining the helical pattern in the atherosclerotic
all thickening (Fig. 3). Similar helical patterns were
bserved in the sites of increased permeability for macro-
olecules in the thoracic aorta (30) and in monocyte
eposition in the abdominal aorta (31), both of which are
recursors of lesions formation.
The normalization of the WT showed that the thickest
laque in a segment is always located at the low SS locations
egardless of the absolute thickness. This analysis empha-
izes that atherosclerotic plaque buildup starts and
rogresses at low SS regions, confirming earlier studies on
he relationship between atherosclerotic plaque and SS in
oronary arteries (3,32,33), carotid arteries (5), and the
bdominal aorta (4). Because several studies have shown
hat SS is regulated by the endothelium, which is mediated
y nitric oxide production, plaque buildup is compensated
or by positive vascular remodeling, preventing the aorta
rom narrowing, and maintaining high SS conditions (32).
laque regression. The benefits associated with hypolipi-
emic interventions have been clearly established by several
arge clinical trials both at primary and secondary prevention
evels. In our patient group, who were not previously
xposed to statins and who were newly diagnosed as
ypercholesteremic, a reduction in 35% of LDL during a
eriod of two years attributed to plaque regression as
escribed previously. These results are confirmed by data of
ensen et al. (34) and Lima et al. (35), who showed plaque
egression after 12 months with a 42% LDL reduction and
months with a 25% LDL reduction, respectively, because
f simvastatin.
Despite the clinical outcomes, the mechanisms of action
f the observed benefits are not well established. The
tabilization of lipid-rich (vulnerable) plaques, due to lipid
emoval from the lesions, is considered the most widely
ccepted (10,36). Our data showed that the extent of plaque
egression is related to the baseline thickness (Fig. 4) but is
ot mediated by SS. Because MR cross sections containing
uadrants with plaques and with no intimal thickening were
nalyzed, and taking a plaque progression of approximately
0% yearly into account (37), this result can most likely not
e attributed to the statistically driven regression to the
ean. Our data allow the speculation that the lipid removal
or the plaque (lipid efflux) may not occur through the
uminal side but via transport from the vasa vasorum. Indeed,
he thick fibrotic cap seems to serve as a barrier for cholesterol
fflux. Recent reports highlight the role of adventitial vascular-
zation in atherosclerosis and may support the concept of lipid
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laque regression and stabilization.
tudy limitations. To estimate the influence of SS on
laque regression attributed to statin treatment in the
symptomatic hypercholesterolemic patients, we used the
S determined from the healthy volunteers. Because these
atients were asymptomatic and only occasionally showed
laque protruding into the lumen, we argued that the SS
istribution would not yet have been influenced by the
isease. Of course, it is reported that in patients having
therosclerotic disease, the spiral flow velocity distribution
n the aortic arch might be reduced (8,38) but, as stated
reviously, lower velocities would only minimally influence
he relative SS distribution. Because we aimed at studying
ifferences in plaque regression attributed to the relative SS
istribution, the absolute SS values are of less importance.
A black-blood MRI sequence, which carried the potential
f artifacts attributed to low flow, was used to determine the
ocal WT in the thoracic aorta. Obviously, it might have
onfounded the WT-SS relationship. Because the lowest-
verage SS measured was 0.18 Pa, resulting from velocities
f approximately 6 cm/s at 1 mm distance of the wall (and
hus 3 cm/s at 0.5 mm from the wall), and accounting for
he MRI taking a few minutes, it seems unlikely that this
ould have potentially influenced the WT data and thus the
T-SS relationship.
For the SS calculations, only the axial velocity component
as used. It cannot be ignored that this approach underes-
imates the total shear rate. However, the underestimation
ould be approximately 5% at a maximum because the
onaxial shear components, which are approximately 25%
f the axial shear component, are only minimally reflected in
he total vector summation of the shear rates (26). There-
ore, omitting the nonaxial components would hardly influ-
nce the overall SS distribution. Moreover, the acquisition
f the small nonaxial velocity components could easily
ntroduce errors.
onclusions. Magnetic resonance imaging has surfaced as
ne of the most promising imaging methodologies for the
oninvasive identification of atherosclerotic plaques and
etermination of local SS data. Our data, which show a
orrelation between WT and average low SS locations,
upport the role of local hemodynamics in the development
nd progression of aortic atherosclerotic lesions. Further-
ore, local SS does not seem to be the major modulator for
laque regression by lipid-lowering interventions. There-
ore, our data seem to suggest that other mechanisms are
nvolved in the lipid-reversal mechanism.
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